Oxygen-free high-pu rity samples were used in a precise deter mina tion of the electrochemi cal equival ent of silver . A comprehensive mass spec trometric analysis for impurities was performed . Our value agrees well wi th prior meas urements of the same qua ntity at th e Na ti onal Bureau of Sta ndards (NBS) by Craig and coworke rs_ We find the elec troc hemi cal equivalent of pure silver to be 1.1179648 mg C-')8S' Attached to this figur e is an unce rtainty whose random co mponent (standa rd deviation of th e mean of 8 deter minati ons) is 9.5 X 10-7 mg Co, (0.85 ppm). Th e roo t-sum-squ are of systema tic uncertainties of known origin is 1.07 X 10-6 mg Co, (0.96 ppm). The above value for the elec trochemical equival ent of silver'leads us to cal culate th e Faraday to be: F = 96486.33 (24) AN B s . s . mol-' (2.5 ppm).
I. Introduction
The Faraday constant, which has units of coulomb s per mole of univalent substance , is the charge, q, in th e expression q = NAe , NA being the Avogadro constant, and e being the elementary charge_ The Faraday constant can be found in different ways. Historically, the Faraday constant has been found electrochemically by reacting a substance electrolytically with an assumed 100 p ercent efficiency . Then , if the equivalent weight of the substance is known, the Fa raday co nstant can be found by measuring the mass of substan ce reacted and the charge passed during electrolysis: F = (equivalent weight) X (charge).
(mass) Altern a tively, the Faraday co nsta nt can be found by combining other fundam ental physical co nsta nts, for example,
where Mp is th e proton rest mass in atomic mass units, so-called low fi eld method, /A;/ /AN is the proton magne tic moment in units of the nuclear magneton, and K is th e ratio of the as-maintained ampere in terms of which y;,(low) is determined to the 51 amp ere_ Both methods of arriving at the Faraday co nstant should , of course, agree. In fact , however , th e mod ern elec tro chemical measurem ents of the Faraday constant are se lf-co nsistent but fail to agree with the constant calculated fr om eq (1). The situation is summarized by Cohen and Taylor in their 1973 least squares adjustment of the fundam ental constants [1] .1 These authors view the statistical evid ence as providing an indictment of the electrochemical measurements. Since 1973, a new and novel electrochemical Faraday determination has been made [2] . A rece nt reco mputati on [3] of this latest measurement now places it in good agreem en t with th e value recommended in [1] but the es timated errors in the measuremen t are too large to allow the res ults to be defini tive.
W e have undertake n a n elec trochemical determina ti on of the Faraday co nstant using th e silver dissolution co ulometeT. This method was pi oneered by Craig, et. al . some tw enty years ago. It was our h ope that, with a few innovations in the method, the statistical scatter in the measurements could be reduced to s omething approaching 1 ppm. At this level, it was hoped, systematic errors which may be present in electrochemical Faraday · determinations would yield to more precise analysis than has hitherto been possible. 2 
Chemical principles
In this study, the method used is the anodic dissolution of silver into a solution of perchloric acid, 20 percent HCl04 , which contains silver perchlorate (0.5% by weight). The electrochemical reaction is: (2) where e-represents an electron and s indicates the silver is metallic. The silver perchlorate is present in the solution to reduce to insignificant proportions the already meager spontaneous dissolution of silver into perchloric acid. The work establishing these desirable conditions was done at the National Bureau of Standards (NBS), by Craig et al [4] in preparation for his determination [5] of the Faraday.
In his paper [5] , Craig postulated a set of possible reac· tions which involved the chemical entities Ag+, ClO., OH-, H+, H20, O2 , and so forth, which are known to be present in the solutions where the reaction of eq (2) takes place. From thermodynamic arguments he shows that the reactions of the constituents of the solutions either follow eq (2) namely at a potential of -0.799 V with respect to a normal hydrogen electrode, or have reduction potentials of at least 0.4 V lower . Hence, unless the overpotential of the dissolution of silver is high, the contribution from reactions other than the desired reaction is negligible, i.e. less than 0.1 ppm. The arguments, which our experiment demonstrates to be correct, are presented in Craig's paper and need not be repeated here. We shall take the view that if the overpotential of dissolution has measurable effect, the values of the electrochemical equivalent of the samples should vary with current density or dissolution rate. No such variation is found, as will be seen.
The formation of Ag20 and water from silver and aque· ous hydroxyl ion during the reaction: is equivalent to the desired reaction, eq 2, since the reaction occurs spontaneously.
It is quite a different matter for silver oxide which is on, or in, the silver sample. Since the oxide dissolves spontane-ously, as it comes to the surface of the silver anode it reacts with perchloric acid. Sixteen parts by weight of oxygen would carry into solution 216 parts of silver, bypassing the reaction of eq (2) . Methods for eliminating oxide are described in another section.
The reverse of eq (2) governs the cathodic recovery of that silver which falls away from the anode during dissolution. Details of the recovery are given below.
Materials
Perchloric Acid. The perchloric acid used III the coulometer was commercially available "70 percent" reagent grade, which the manufacturer labeled as "distilled in Vycor" and "99.9999 percent pure." The material received no further treatment. It exhibited no detectable attack on silver over the period of an experiment, provided a small amount of silver perchlorate was present.
Silver Oxide: The solution used as supporting electrolyte, in which silver (within experimental error) is insoluble, is a mixture of perchloric acid and silver perchlorate, prepared by adding silver oxide, Ag20, to 20 percent by weight perchloric acid solution. The silver oxide was of reagent grade, purchased from a commercial chemical supply house, and was subjected to no further purification. Any solid silver from this material remaining in the perchloric acid-silver perchlorate solution was removed by filtration through solid silver powder on a fine fritted glass funnel before the solution was introduced in the coulometer.
Water: The water used in making up the solutions was what is commonly called "conductivity" grade. The water was distilled in a stainless steel boiler from water which had been passed through an ion-exchange resin for prior removal of ionic impurities. In the boiler water was a small amount of pyrophosphoric acid to hold back ammonia. The steam so generated was passed through a scrubber to remove CO2 although no effort was made to guard the water against reentry of CO2 after cooling. The water was condensed, kept in tin-lined storage tanks and fed to a spigot in tin-lined pipe. The result was a water which exhibited a resistivity of 1.2 M Q-cm at air equilibrium. No attempt was made to remove equilibrium carbon dioxide.
Silver powder: As mentioned above, the perchloric-acid silver perchorate solution was filtered through silver powder on fritted glass . During the eight runs of the final experiment we used a silver powder, advertised as "five nines" pure, which was obtained from a manufacturer of high-purity metals. This was a precaution. However, during most of the preliminary practice runs we used a silver powder obtained from a chemical supply house. No significant differences could be ascribed to this substitution of the high puri ty rna terial.
Silver sample: The silver samples were part of a large lot purchased by the National Bureau of Standards for certification and issue as a Standard Reference Material. From this lot, most of which was issued as a high temperature vapor-pressure standard, were selected a few rods which were characterized by residual resistivity ratio, and set aside for research purposes at NBS. The samples furnished to us by the Office of Standard Reference Materials of NBS were from Rod 55 of the lot used for Standard Reference Material 748 Silver Vapor Pressure Standard. Rod 55 was divided into 45 cm lengths labeled by letter sequentially in the direction of the draw. These lengths were cut into segments 50 mm long numbered again in the direction of the draw. The pieces furnished to us were labeled thus 55: A-7, B-7, D-7, E-7, F-7, G-Y2, G-Y3. The last two pieces were near the end of section G.
The preparation of the silver sample by the manufacturer is proprietary, but NBS was informed by the manufacturer that high purity silver was subjected to dissolution and electrolysis, and was then melted in vacuum and formed. The resulting rod is polycrystalline. No further purification was attempted other than an effort to remove oxygen by heating in a high vacuum, a process described elsewhere in the paper.
Apparatus
When one electrolyzes pure silver anodically into a solution of perchloric acid, small quantities of finely divided solid silver fall away from the anode. In the experiments of Craig [4] this finely divided material was recovered, filtered and weighed. It was counted as part of the final weight of the anode. The weighing inevitably required the collection and the transfer of this anodic residue to a filter before the final weighing. There exists the possibility of loss of material during transfer. Furthermore the large scatter induced by the taring of a sintered-glass filter crucible would greatly add to the random experimental error.
To secure an accurate value for the mass of the residue, it was decided that the residue must never leave the anode compartment of the coulometer and must be treated and analyzed in the compartment itself. The method fixed upon was the filtration of all anodic electrolyte solution through a sintered glass filter embedded in the anode compartment wall, the dissolution of the finely divided solid silver into nitric acid, the evaporation of the nitric acid to dryness leaving silver nitrate and finally the analysis for silver by controlled potential coulometry. The charge consumed in the last operation was added to the total anodic charge in the constant-current part of the experiment in calculating the electrochemical equivalent of the silver sample. A detailed account of this procedure is presented in reference [6] .
To effect the retention of the residue in the anode compartment for direct potentiostati c analysis within the co mpartment, the coulometer was fashioned as shown in figure l. The weighed silver sample was attached to an adjustable fixture which set the immersion depth of the sample in the solution of perchloric acid-silver perchlorate. The anode compartment consisted of a beaker in the side of which was a fine fritted glass disc leading to a side-arm which curved upward to one part of a spherical joint. The spherical joint was set at about the same height over the bottom of the beaker as the beaker lip, as shown in figure 1, to ensure no loss of liquid from a full beaker. The second part of the spherical joint was attached to a siphon with stopcock-not shown-on top for filling which had, at the far end, a medium-fritted glass disk. The glass frit was placed at this point to prevent solid silver, which might bear an electrical charge, from migrating from the cathode compartmen t. The first siphon led to a large beaker which was connected to another large beaker, the cathode compartment, by a second siphon. The cathode compartment contained a large platinum mesh electrode, with an area of about 90 cm 2 • The resistance of this cell, cathode to anode, was about 20 Q .
Several precautions were taken to minimize leakage resistance and to protect the coulometer from contamination by air-borne pollutants. The whole assembly reposed upon a sheet of 6 mm-thick teflon which in turn rested on a 12 mm sheet of polymethyl methacrylate. Passing through the teflon and anchored into the methacrylate were rods (12 mm diameter), also of polymethyl methacrylate. One rod of aluminum was also passed through the teflon sheet and was anchored into the methacrylate. The plastic rods were posts for attachments of metal claw clamps which supported the siphons. Metal was substituted for plastic in the case of the post which supported the silver anode and its mechanism of adjustment of immersion. This last measure was required to lend rigidity to the anode holder and anode. Vibration of these parts affected the current control. The resistance of the supporting parts, from the metal rod to any other part of the teflon or methacrylate sheet or rods, with acid solution wiped onto the teflon was of the order 1013 Q.
To the metal post was attached a new metal clamp of the adjustable claw type with plastic covered fingers. The clamp held the anode immersion assembly, figure 2. The assembly consisted of a glass tube, 5 mm diameter, through the length of which passed a brass rod, 3 mm in diameter, threaded at one end. The tube was held uprigh t by the claw clamp, and a nylon nut on the end of the adjustable brass rod served to set the height of the rod . Soldered to the lower unthreaded end of the rod was a piece of brass 20 by 75 mm . The brass rod was soldered about 25 mm from the end of this last piece. This 20 X 75 mm piece was large enough to receive the clamps from the positive lead and from the sample. The motion of this brass assembly was kept linear (ver- tically) by two guides of copper wire attached to a teflon block which was in turn attached to the glass tube.
The silver sample had a tightly twisted silver wire on one end which in turn was held by small battery clips. Between the battery clip and the silver sample was a small piece of high-purity sheet silver. The purpose of the sheet silver was to protect the silver sample from the gripping force and contamination of the cadmium-plated jaws of the clip. The silver sheet was weighed in every experiment in order to observe whatever extraneous electrolyte reactions might occur at the contact of the silver sample and the jaws of the clip. The average change in weight of the silver sheet after a Faraday run was + 1.5 JAg with a standard deviation of 2.4
lig. The cadmium-plated clip was attached back-to-back to another such clip which hung directly from the 20 x 70 mm brass piece. The positive lead from the current control was attached through a similar clip to the 20 x 70 mm plate of the immersion adjuster. It was anticipated that the silver anode would be lowered further into the electrolyte during the course of a measurement. This procedure proved to be unnecessary and was never attempted.
Also suspended in the anode compartment was a curved glass tube filled with anolyte in which a high purity silver wire was immersed. This wire was connected to the silver anode hold er in series through a high impedance (10 12 Q) digital voltmeter, D2 , figure 1, and a switch, normally open. The meter reading permitted the monitoring of the overvoltage of the anode above its quiescent condition during the course of the experiment. 
COUNTER CURRENT CONTROL
(
General schematic diagram of the electrical and timing circuit. As curre nt is switch ed from a dummy load , Rd. wh ose resi stance m atc hed that of the co ul o meter. the tim er is switc hed o n simult aneously.
The whole glass assembly, the supporting rods, teflon, and methacrylate sh ee ts were housed in a methacrylate box with hinged doors to allow loading of the co ulom e ter and adjustment of the parts during the determination.
Th e electrical connections re quired for th e disso lu tion of the si lver anode at constant current are shown in figur e 3. The current co ntroller, a Tinsley type 5390,' provid ed low· noise , low·drift, direc t current. Th e cu rre nt was ripple-free. Before b eg inning th e experiment, co nstant current of th e desired level was maintained in a substitute lo ad , Rd , whose imp edance was matched closely to the impedan ce of th e silver coulometer. The precise value of the current was known by comparing the voltage drop across a standard resistor (Rs) with the voltage of a standard unsaturated cell (S.C .). Slight adjustments in the controller settings were made until the difference in voltage as read on D, was zero (±O.l !-IV). D, is a Leeds and Northrup 9829-D high-impedance (lO MQ) linear amplifier which was used as a nulldetector. A reversing switch was used to eliminate the effec t of thermal emf's.
At the beginnin g of the ex perim ent, mec ury-w etted relays simultaneously transferred current from the substitute resistor to the co ulome ter and started an electroni c timer. The rela ys were de-activated to end th e di sso lu tion.
During the expe rim ent, the current was continuously monitored by D, . Th e high impedance and small voltage J Bra nd na m es a re u sed throug ho ut th is pa pe r o nly fo r purposes o f id e ntific atio n. S uc h use implies ne ither en do rse me nt by th e Natio na l Burea u o f Standards n or assuran ce that the e quipm ent is th e b es t ava il ab le.
difference across the inputs of D, a llowed continuous monitoring with negligible «0.1 ppm) uncertainty.
Sin ce gassing at the platinum ca thode of the co ulom eter causes flu ctuations in the current, this cond iti on must be avo id ed . Gassing occurs wh en the co ncentration of Ag+ at th e ca thod e beco mes so depleted that H+ must und ergo reduction in order to maintain a co nstant current. As a remedy, a small amount of Ag 2 0 was add ed to th e ca thod e compar tment at intervals of about Ih h. The oxide dissolved, keeping the catholyte sufficiently rich in si lver ion.
The current, I, maintained in the cou lome ter, is simp ly the voltage, V, of the standard cell divide d by the resistance, R" of the standard resistor. If curren t flows in th e coulometer for an interval of time, t, then the total charge (Q) passed during silver dissolution is
Equation (3) only holds provided transi e nt effec ts may be n eglected. The following examination shows that this neglect is justified.
An oscilloscope was used to demonstrate that the tim er and co ulometer are activated and deactivate d simultaneously . The minimum duration of any of the disso lution experiments reported in this pap er is 13 X 10' s. Hence to achieve an accuracy of 0.1 ppm in Q, the switching must be simultaneous to 1 ms. This rather modest criterion was easily met.
Switching transi en ts in the current controller must a lso be negligible. Exp eriment has shown that matching the impedance of the substitute resistor to that of the coulometer will insure a negligible transient when the current is switched to the coulometer. As the impedance mismatch is made worse, the transient increases_ Switching the current back to the substitute resistor does not produce any measurable transient in the coulometer. In the worst case encountered in these experiments, the effect of transients as determined by oscilloscope measurements is approximately 0.1 ppm in Q.
There is one last transient effect which deserves mention. It is assumed in eq (3) that all current which flows is "Faradaic" although in reality a small portion is not. A small fraction of the total current goes into charging a double layer capacitance at the surface of the anode. The rest of the current is due to transport of ions across that capacitance. The capacity of the double layer is thought to be 100 JAF / cm 2 and is charged within the first millisecond of current flow [7] . The surface area of our anodes was 10 cm 2 • Oscilloscope measurements show that our anode voltage jumped by 8 m V within the first millisecond as compared to the voltage of the quiescent silver electrode. Although most of this voltage rise is probably ohmic and not due to charging of the double layer, we will assume a worst case. Hence the amount of current which goes to charging the double layer is 10 /-lC. In the experiments we have performed, this amounts to less than 0.01 ppm in Q.
With transient corrections to eq (3) negligible, it only remains to explain how V, Rand t were measured.
A standard unsaturated cell (S.C. mentioned above) was used to monitor current constancy during the course of silver dissolution. This unsaturated cell was maintained in a thermostated enclosure with four standard saturated cells. A cable was installed from the standard cells to the NBS standard cell laboratory. By means of this cable, our saturated cells were compared at weekly intervals with standard cells whose emfs were known in terms of the NBS as-maintained unit of voltage (defined in terms of the ac Josephson effect) to 0.1 ppm. It was, therefore, never necessary to move the cell enclosure in order to calibrate the standard cells.
We determined the emf of our unsaturated cell by means of the following procedure. A voltage divider was constructed in such a way that an adjustable emf of approximately "-'900 JAV would be produced. This is the approximate difference in emf between saturated and unsaturated standard cells. The divider consisted of precision resistors, known to ±0.01 percent, and a mercury ceiL The resistors were calibrated before and after the series of Faraday measurements reported herein. Prior to a measurement, the emf of the mercury cell was measured to better than 0.01 percent, using a calibrated Leeds and Northrup type K-5 potentiometer.
By means of appropriate switches, the emf of the unsaturated cell could be compared to that of a saturated cell plus the divider output voltage. The variable resistor was adjusted until the emfs were equal as determined by the high-impedance null detector previously described . Knowledge of the divider output voltage and saturated cell emf permitted calibration of the unsaturated cell. Thermal emfs in the divider were measured under typical operating conditions and found to be negligible, i.e. less than 0.1 JAV.
Immediately preceding the start of a Faraday determination, the unsaturated standard cell was compared with each saturated cell using the procedure outlined above. The measurements were repeated immediately after the dissolution of the silver anode was stopped. In this way, the unsaturated cell emf was known to within 0.1 ppm during the experiment. No significant change in unsaturated cell emf from beginning to end of a Faraday determination was ever detected (fig. 4 ). The standard resistor, the IR drop of which is matched to the emf of the working standard cell, was constructed in this laboratory following suggestions of R. D. Cutkosky. The resistor itself was made from two lO-ohm Rosa coils of manganin wire wound on brass cylinders closed at one end (see fig. 5 ). The closure at one end of each cylinder provided the support for the coils on threaded steel rods which ran axially through the resistor. The upper end of the rod went into a teflon sheet I cm in thickness. The coils thus hung (bl from the teflon sheet. The teflon sheet was attached by another steel rod through its center to an upper teflon she~t 1 cm in thickness, and co nnections from the coils were brought up through both sheets of teflon with ample looping. The upper piece of teflon bore all the contacts and sus· pensions. The purpose of this type of construction was to avoid all mechanical stress on the lower teflon sheet, thereby avoiding strains in connnecting wires and resistors. The two 10 Q co ils could be used singly or connected in series or in parallel. Of the three nominal valu es thus afforded, the 5· and 10-Q configurations were used in this experiment ( fig. 6 ). The resistor was maintained and cali· brated in its own thermostated oil bath. The calibrations were made at the power levels actually used in the experi. ment and in terms of the NBS as·maintained unit of resist· ance.
The time, t of an experiment was measured by switching the NBS 10 kHz ac mains into a General Radio 1 192B coun· ter simu ltaneously with the switching of current to the coulometer. (6d). 20-Q conftguration {not used in this work}.
Procedure

General
With the description of the coulometer as background it becomes possible to give a general description of the whole experiment or, rather, the history of a sample of silver through a whole determination. Every step in the process will be mentioned in this description, but details of each step will be treated more searchingly in later sections of this paper.
The sample, a rod of high purity silver, about 50 mm long and 6 mm in diameter, is bored along a diameter near one end with a new 2 mm steel drill bit to accommodate the suspending silver wire. After the hole is drilled, the sample is given a strong etch with nitric acid, treated with ammonium hydroxide, and then rinsed with conductivity water. It is handled during these operations with teflon-covered forceps. A temporary silver loop of high purity wire, also etched with nitric acid, is passed through the hole and the sample is hung by the wire from a small pyrex stand and placed in an oven to dry for about 300 s at 100°C.
Thus dried, the sample is placed in a crystalline quartz tube which had been carefully cleaned with nitric acid. The tube is then connected to a pumping station and is pumped overnight to a good vacuum (lO-SPa)_ The next day, the pumps still going, the quartz tube is inserted into a thermally controlled muffle furnace. The temperature is raised gradually (through several hours) to 955°C for about 112 h and then is gradually lowered to room temperature, the pumps still on_ The sample is then furnished with a hook twisted from high purity silver wire, the manipulations being carried out with teflon covered forceps. The sample is hung on a glass hook stand inside the microbalance case to be weighed. The weighing is performed by the method of double substitution against a set of single-piece, stainless steel, standard weights. Corrections for the buoyancy of the air are applied. The sample is still held in the forceps and with another forceps a weighed piece of high purity silver foil is folded over the hook. The battery clamps of the coulometer are applied to the silver foil, holding the sample securely. The silver sample is now mounted in the anode compartmen t of the coulometer and constant current is passed through the coulometer with the sample as anode. A timer is switched on and off simultaneously with the constant current. At the end of a determined time the current and the timer are switched off. The inevitable small quantity of finely divided silver residue is in the anode compartment. The sample clip is carefully disconnected and the sample is washed down , the washings falling into the anode compartment. The tube which houses the "quiescent electrode" is similarly washed down into the anode compartment. The sample is then carefully disconnected from the foil covering the clips and is hung on its glass stand to dry in an oven at 100°C for about 600 s. It is then removed to the balance case for weighing. The silver foil is also washed in distilled water and readied for weighing.
In the meantime, the anode compartment and first siphon are carefully lifted out and an appliance leading to a water aspirator is fitted against the frit at the end of the first siphon. The anode solution is drawn from the anode compartment through the frit, through the first siphon and exhausted with the waste water. Once the anode compartment is merely moist, it becomes an easy matter to empty the first siphon and the sidearm of perchloric acid solution. The anode compartment is then separated at the spherical joint.
The anode compartment now contains the finely divided silver and a small residue of perchloric acid solution. The perchloric acid solution must be removed because it contains traces of silver ion. It is essential at this point that the walls of the anode compartment be washed most carefully with conductivity water many times, the wash being drawn off through the frit. Special care is also applied to washing of the frit and side arm, because any silver ion anywhere in the vessel will be detected in the ensuing analysis for silver.
Once the anode compartment is cleared of perchloric acid and silver ion, the next step is the conversion of the finely divided silver into ionic form so that the amount of silver residue may be determined by electrolysis. The silver residue is dissolved in hot dilute nitric acid. Acid is added both to the anode compartment and to the side-arm. The acid is evaporated off by heating the compartment gently in a water bath. If the evaporation and drying have been gentle, the residue in the compartment is silver nitrate. After addition of supporting electrolyte the amount of charge required to remove cathodically at constan t potential all the silver is then determined. The charge at constant potential is added to that at constant current. A second weighing of the silver anode yields total loss of mass of the anode. From the total charge passed and the weight loss, the electrochemical equivalent of the anode silver sample can then be computed immediately.
Methods of Weighing
The mass of the silver anodes used in the Faraday experiment was determined using a single-pan microbalance. The mass of the anode was adjusted prior to each experiment so that it was nearly equal to an integral number of grams. The total electrical charge passed during an experiment was chosen so that an integral number of grams was dissolved. As a result, when the anode mass was compared with an appropriate selection of single-piece weights, the discrepancies were always small «500 I1g). Our single-piece weights were calibrated in terms of the national standards by the NBS calibrati on se rvi ce before and after the series of exp erim ents reported here_ We also had the opportunity to check our weights against pla tinum weights which had been calibrated by the Bureau Internati onal des Poids et Mesures (BIPM) and we found no d et ectable difference in the two me thod s of assig ning our mass.
With these consid era ti ons in mind, it is useful to derive the formula use d to d etermine the mass loss from a silve r anode during di ssoluti on.
Let
MAg.ilf) = initial (fin al) mass of silver. MM,iIf) = initi al (fina l) mass of single-piece weights. M Ag.ilf) =i nitial (final) weight in air (divid ed by g, th e accelera ti on of grav i ty at the bala nce) of sil ver as de termined fr om the mi crobalan ce . M~(,ilf) = in itial (fin al) weight in a ir (di vid ed by g) of single-piece weigh ts as determin ed fro m the microbala nce. D M = de nsity of single-piece we ig hts at roo m temperature = 7.89 g /cml DAg = density of silve r at room temp erature = 1O.50 g / cml.
Q i lf) = initial (final) density of a ir a t the time of the weighings. ("-'10-l g/ cml).
Becau se th e diffe rence in m ass be tw ee n the sil ve r anode and the a p'propri a te se lecti o n of sin gle-pi ece weights is always small , th e foll owing relati ons hold to be tter than 0.1 ppm.
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Th e measured qu a ntity M oOAg,i li ) -M"M ,ili) was always small enough «500 lAg) to permit the foll owin g exp ansion with out introducti on of signifi can t e rror:
m . • = (MM,i -MMJ) + (MAg,i -M;',i)-
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M Equation (4) was used to arrive a t the loss in anode mass, The term (MM,i -MMJ) is simply the difference in mass of the selection of single-pi ece weights used in the initial and final weighings. For example, suppose the silver an ode originally weighed 18 g, Then M M,i would be the sum of the 10 g, 5 g and 3 g single-piece weights. If 5 g of silver were disso lved from the an ode the n M MJ would b e th e sum of only the 10 g and 3 g weights. Hence M M.i -M MJ would be th e mass of our 5 g weight. This numb er and its uncerta inty were suppli ed to us by the Mass and Volum e Secti on of the Nati onal Bureau of Stand a rds, In all th e Faraday measure ments reported here, either 5 g or 3 g were disso lve d.
Th e terms (MoO Ag,i -MoO M) a nd (MoO AgJ -M" MJ) are the diffe rences in mass be tw een the silver anode and sta ndard weights as determined from reading the mi crobala nce. To measure (MoO Ag,ilf) -MoO M,ilf» )' the proce dure kn own as "single-p an substituti on" was employed [8] . By this method, a single measurement of (MoO Ag,'If) -MoO M, ilf») requires four weighings. We repeated each such se ri es four times and a veraged the res ults in ord er to arri ve a t each measurement of (M" Ag,'If) -MoO M,ilf» )' The significan t figures of this diffe rence are read on the optical scale of the microba la nce, which is calibrated by means of a kn own se nsitivity we ight, the nominal mass of which is 5 mg, The re maining terms of eq (4) include the necessa ry correcti on for the buoyancy of air. Th e density of air was calcul ated using an algorithm [9] whi ch requires te mpera ture, rela ti ve humidity and barometric pressure as measured p aram eters.
T emperature was read with a calibrated me rcury th ermometer house d in the case of the microb ala nce .
Barometric pressure was de termined using a calibra ted Fortin-type mercury barometer with te mpera ture co rrections made according to the Smithsoni a n Tables [10] . Th e density of mercury at 0 °C was taken as 13.5951 g/ cml [10] . The accelera ti on of gravity at our laboratory is known to be 980.102 cm/ s 2 b ased on a survey of the NBS, Gaithersburg campus [11] . Th e ba rometer was located in th e same room as the ba lance .
Relative humidity was measured using a wet and dry bulb psychrometer located in the sam e room as the balan ce . Published ta bles [10] were used to co nvert to rela tive humidity.
The standard algorithm used to compute the de nsity of air has been confirmed experimentally to the required accuracy in a separate study [12] .
Recovery of residue
In the course of the Faraday experiment, some of the silver anode is lost not thorugh electrolytic dissolution but rather by mechanical separation. The silver residue, referred to as "anode sludge" by Criag et. ai, appears at the bottom of the anode beaker as a finely-divided powder. This metallic silver-up to 2 mg typically-must be accounted for in order to arrive at an accurate value of the Faraday.
Craig's procedure for recovering the residue was to collect it on a previously tared sintered-glass filter . The filter was then reweighed and the difference in weights was taken to be the weight of the "anode sludge." The weaknesses in this method of recovery of the residue are: (1) two precise weighings of a sintered glass filter are required and (2) silver powder must be efficiently transferred from one vessel, the anode beaker, to another vessel, the filter. It is a tribute to Craig's deftness as an experimenter that despite the pitfalls of this recovery procedure his experimental scatter due to all causes was only 19 ppm [5] . With the hope of decreasing the experimental scatter we sought an improved residue-recovery procedure which would avoid the two difficulties raised above.
Our solution was to convert the silver residue into silver ions dissolved in electrolyte. The ionic silver was then plated on a platinum cathode held at constant voltage with respect to a reference electrode. The amount of charge passed during this electrolysis rather than the mass of the residue, becomes the correction to the determination of the electrochemical equivalent of the silver sample (EAg> se e eq (6) below)_ Our method thus answers the first objection raised above. By performing all the residue recovery manipulations in the same beaker which serves as the anode compartment during silver dissolution, the second objection is also overcome. The reader is directed to reference [6) for further details of this method.
A difficulty of our method of silver analysis is that one never recovers the silver with perfect current efficiency . It is common, for instance, for too much charge to be measured in plating a known amount of silver. The difference between the measured charge and the charge one would measure at perfect current efficiency is referred to as the "background." The background charge corresponds to a mass of silver of the order of 10 I1g and may be influenced' by such things as impurities in the supporting electrolyte, size of the silver sample and other experimental details [6] .
In our experiments, the background was determined experimentally by means of a "dummy" anode beaker subjected to all the manipulations of the actual beaker used. At the end of the silver dissolution phase of the Faraday experiment, both anode beakers were emptied through their side arms and rinsed. Nitric acid was added to the residue-containing beaker. At the same time, a measured aliquot of silver ion in nitric acid was added to the dummy and both beakers were placed in the same water bath. The result of the aliquot titration, when combined with that of the residu e titration and the results from the preceding silver dissolution experim ent, determines the electrochemical equivalent of the silver sample, E~g . That this is so can be shown as follows .
Let m, = mass loss of silver anode during dissolution (eq (4)) Q =total charge passed during anode dissolution (eq (The quantity B was found to be slightly dependent on residue size [6] . For this reason, MD was made approximately equal to M' A g during analyses).
The three different measurements provide us with the following three relations:
These can be combined to yield the resulting important equation:
E' _m, -MD
Ag -Q+ Q' _ Q" (6) This equation gives E~g in terms of precisely measurable quantities. In table 1 are listed E~g for the eight determinations on seven samples. The table also shows the sample masses, the current used the duration of each experiment, MD , B, Q', Q" and the maximum voltage the anode reached with respect to a quiescent silver wire in the same electrolyte. The large negative value of B for the last sample is due to a change in the details of the coulometric ti tra tion.
We should point out that a score of preliminary measurements were carried out over a period of months in order to perfect the techniques reported above. The reported experimen ts were the final eight, made with anodes iden tified prior to the preliminary measurements as the best available.
Impurities in the silver sample
Of all elemental impurities which may be present in silver anodes, oxygen is the most worrisome to the Faraday experiment. The reasons are not difficult to comprehend_ Silver readily oxidizes in air, and oxygen is known to diffuse through a silver matrix. Furthermore, the reaciton of silver oxide dissolved by perchloric acid (Ag2 0 + HCIO. --AgClO. + 1/ 2 H2 ), if mistaken for the expected reaction Ag --Ag+ + e-, could cause a serious error in the Faraday experiment. An inpurity of only 1 ppm of oxygen, if in the form of Ag2 0, would produce an error of -14.6 ppm in the Faraday.' To achieve an accuracy of 1 ppm in the Faraday therefore requires analysis of oxygen to better than 0.1 ppm by weight. This level is too small for direct measurement but, fortunately, indirec t methods exist for insuring that silver is oxygen free.
Over a decade ago, work by Eiche nauer and Muller [13] (confirmed by V erfurth and Rapp [14] ) es tablished the following relations for the solubility and diffusion rate of oxygen in silver: in oxygen at atmospheric pressure, the solubility, L, is L = 6.69 X 10-' exp(-11860/ RT) atoms of oxygen.
total atoms
The solubility was found to obey the Sieverts square-root law [15] . The diffusion coefficient, D = 3.66 X 10-3 exp (-11000 1 R1) em' Is.
Our silver anodes were annealed in a quartz tube at a pressure of 10-5 Pa. The tube was inserted in a muffle furnace and was evacuated by a liquid-nitrogen-trapped oil diffusion pump. The temperature in the furnace was initially raised to 955°C, slightly below the melting temp eratur.e of silver. At this te mpe rature oxygen diffuses rapidly in silver and its solubility is ex tremely high. At the lowest pumping pressures availab le to us, howeve r, the eq uilibrium solubility of oxygen in the silver was 7.5 X 10-9 moles of 02 / mole of silver. This was sufficiently low to have a negligible effect on our Faraday measurement. Still und er vacuum, the temperature was lowered over a period of hours to room temperature after which th e anode was prepared for use_
As a check of our assumptions, we decided to test the Eichenauer and Muller data. We therefore annealed a silver anode exposed to ambient air at a temperature of 490 cc.
This temperature was maintain ed for two days. Under th ese conditions, the Eichenauer and Mulle r data imply that, using the above-treated silver, a correction of 25 ppm to a Faraday measurement would be necessary. When the Faraday experiment was performed using this silver anode, the result was found to differ by 15 ppm from the mean of th e values obtained using oxygen free anodes. Because the experiment was performed only once, it is prudent only to co nclud e that agreem ent with a prediction based on the data of Eich enauer and Muller is satisfactory.
ResultsCorrections to electrochemical equivalent.
Calculation of the Faraday constant.
The electrochemical equivalent, EA g , of the sa mple was ca lculated from eqs (6) and (3). The results of the calculation are listed in table 1 along with the respec tive experimentally observed quantities. The low random scatter of these results reveals a high uniformity among the samples. • The co nstan t current phase of the , measurements here repor ted took place on the following days of March. 1975: 4th , 6th, 11th , 13th , 18th , 20th, 24th , and 25th. 
E~g = m'/q, is the electrochemical equivalent of the sample.
If we allow Vi to be the oxidation number of the impurity, i, and assume that the product of the Faraday constant and the electrochemical equivalent of the silver sample approximates the atomic weight of silver, A,(Ag), we may then expand the right hand side of eq (7) and obtain (8) is unjustified because the impurities are known to occur only at trace levels.
The acid in the coulometer was so concentrated and the concentration of ions formed from any metallic impurities was so tenuous (10-6 molar) that in the calculation of the electrochemical equivalent of pure silver the electrochemical oxidation was assumed to be the maximum permissible under conditions imposed by the oxidation-reduction potentials of the ions [16) and by the actual potential of the silver electrode.
Modern techniques of mass spectrometric analysis allowed us to assess, with detail unprecedented for an electrochemical determination of the Faraday, the correction for the impurities in the sample. The analysis for impurities, except for the oxygen test described above, was performed entirely by mass spectrometry. Several distinct classes of measurement were undertaken_ The varying methods of determination dictate special handling of the statistical interpretation of the experiments.
L A broad survey of all elements by spark-source methods was performed on our samples. The results appear in table 2. This survey was compared to a similar more detailed analysis of silver samples from the same standardsample lot. The report of analysis stated that no significant differences were found between our sample and the general samples of the lot. In the spark-source method the values are not based upon an internal standard. An assessment of the accuracy of such surveys performed in the mass spectrometric laboratories of the Center for Analytical Chemistry, NBS, is provided by an unpublished report by Paulsen [17) .
In a study designed to test the validity of a number of assumptions and theories claimed to predict the mass-spectrometric sensitivity factors for various elements, Paulsen A histogram of the 110 results plotting the frequency against the ratio (determined value to certified) was kindly made available by Paulsen. The skew population of this se t was normalized [IS] by plotting, on log-probability paper, the sensitivity fa ctor against the cumulative percentage of the measurements. Th e res ulting lin ear relationship permitted the evaluation of the average and standard deviation of the logarithmic distribution, from which the average and standard deviation of the original set could be calculated [19] , with due consideration given to the finite population correction [20] .
These results may be fairly said to reflect, statistically, the output of the spark-source analysis capability of th e Center for Analytical Chemistry and we view the 16 measurements of our silver samples as belonging to the same parent population as Paulsen's measurements.' The estimated standard deviation of Paulsen's set is 2.4 in the sensitivity factor , and the estimated me an is 2.3. Paulse n's spark-source results can ther e fore be expected to be slightly more than twice the values certified by other methods. One may normalize Paulsen's ratio of 2.3 to 1; the co rrec tion for the spark-source results to the electrochemical equivalent then becomes 3.4 x 10-7 mg C-I (or 0.29 ppm) (table 2) with an estimated standard deviation of the mean of 3.5 x 10-7 mg C-I (0.30 ppm) which is carried forward as a systematic uncertainty (table 3) . Included in this first group is a value for gold which was determined by spark-source methods similar to those of the Center for Analytical Chemistry, NBS. The value was determined at the Ames Laboratory, U.S. Department of Energy. The general scan from this laboratory yielded results that were almost all higher, often by orders of magnitude, than the values from the Center for Analytical Chemistry. However, the latter values are well confirmed by isotope-dilution analysis. On the other hand, the report from the Am es Laboratory is our only source for a value for gold, the spectrometer at Ames not using gold sample holders. Despite our suspicion that the reported value for gold, like that for many elem en ts, may b e high, we shall use the value from th e report of th e Am es Laboratory [21] . The report assigns an uncertainty of only 15 perce nt. We assign Paulse n 's broader, and in our view, more realisti c uncertainty. The magnitude of the correction for gold is 0 .3 ppm. From the da ta in table 2, we ca n co mpu te a co rrec tion to the electrochemical e quivalent of silver resulting from each of the 19 impuriti es. Some of these co rrec tions will increase EA , and some will have the opposi te effect. Th e only information we possess is an upper limiton impurity levels . From this, however, we can compute the range of possible co rrections to EA., which calculation yields + 2.03 x 10-6 mg C-I to -.02 X 10-6 mg C-I (+ 1.S2 ppm to -.02 ppm). W e shall assume that the most probable correction lies midway between these values, i.e. 1.0 X 10-6 mg C-I (0.S9 ppm).
It is useful to estimate an uncertainty for this number in order to calculate an estimated uncertainty for the experiment. In the absence of guidance concerning the statistical distribution governing this correction, we shall assume that all values within the range are equally probable (uniform distribution). In this case, the standard deviation of the estimated correction can be approximated by dividing the range by 3.5 [22, 23] . Thus the standard deviation is expected to be approximately 0.5 ppm.
4. For the sake of completeness, the elements undetected by spark-source methods, with known limit of detection in grams of contaminant per gram of sample, were reviewed . If the detection limits are used as upper limits on the presence of the elements in the sample, we may use the statistical techniques given above to estimate a correction. Our estimate of the correction is about 0.9 X 10-7 mg C-I (0.08 ppm) with an estimated standard deviation of 2.3 X 10-7 mg C-I (0.2 ppm). The calculation was done to assure the meagerness of the contribution of these contaminants. They are not known to be present, the correction was not made, and the uncertainty has been listed among the known systematic uncertainties.
These computations permit us to advance for the electrochemical equivalent of pure silver the value, 1.1179648 mg CVks. Attached to this figure is an uncertainty whose random component (standard deviation of the mean of 8 determinations) is 9.5 x 10-7 mg C-I (0.85 ppm) and whose root-sum-square of systematic components of known origin (at an estimated level of one standard deviation) in this experiment is 1.07 X 10-6 mg C-I (0.96 ppm). The separate components of systematic uncertainty are listed in table 3A. The combined random scatter in the first five items of table 3A gives rise to the observed experimental scatter in E~ •.
From the electrochemical equivalent of pure silver and the atomic mass of the silver sample one may calculate the Faraday constant: (9) Since the atomic mass of the silver in our samples is required for this calculation, the samples used in this measurement were submitted to the Center f~r Analytical Chemistry, NBS, for determination of the isotopic abundance ratio. The isotopic composition of five samples, 55 A, B, D, E, F, was determined by the Center using thermalionization mass spectrometry. The methods used are described elsewhere [24] . The average value for the ratio, 107 Ag / I09 Ag, was determined by comparison of the ratio of the two isotopes in our sample with the ratio of a silver sam· pie whose isotopic abundance was determined by Shields et al. [24, 25] at NBS. The ratio found for our sample was 1.07599. We consider this value to be within the extensive population of determinations on silver made at NBS which has the value r = 1.07597. The authors have not been able to reconcile the uncertainties contained in the original internal NBS report and those stated in [25] . Taylor et al. [26] make what appears to be a reasonable estimate of these uncertainties. We shall therefore follow these authors and accept for the purpose of this paper a combined one standard deviation uncertainty of 0.00049 in r. The above ratio 107 Ag / I09 Ag (1.07597) and uncertainty when combined with the atomic masses of the individual isotopes [27], yield an atomic mass for silver of 107.86833(23) (2.1 ppm). The uncertainty in the atomic mass of silver thus imposes on the Faraday constant a systematic uncertainty of 2.1 ppm. The uncertainty on the individual atomic masses of silver is two orders of magnitude lower [27] .
Using eq. (9) we calculate the Faraday constant from the electrochemical equivalent of silver and the atomic mass of our samples: 
Discussion
In order to compare the value of the Faraday obtained by our work with values obtained in other laboratories, all numbers must be expressed in the same electrical units. The electrical unit involved is the coulomb, or ampere-second. Laboratory time is measured in terms of the SI second, but current is measured in terms of a ratio of voltage to resistance-both units being defined in terms of laboratory standards and thus differing from the SI definition at the part per million level. It is convenient to convert all values of the Faraday constant to so-called "BI69" electrical units, defined in reference [1] . In terms of these units, our value for the Faraday constant becomes F = 96486.21 (24) ABI69 s mol-I. Figure 7 shows the value of the Faraday reported here (point F) as well as Faraday constants measured by other workers [3, 5, 28] (points A, B, C, and E). It will be observed that the present results are in agreement with most of the previous electrochemical measurements of the Faraday. However, the present determination has a significantly reduced estima te of uncertainty compared to the others. Furthermore, our list of systematic uncertainties is more comprehensive and searching than those of prior determinations. Figure 7 also If a significant systematic error exists in our experiment rather than elsewhere it must have the effect of dissolving too little silver for the passage of a given charge. One possible cause of such an occurrence might be parasitic lea kage currents in the circuitry external to the electrolysis cell. However, we made every effort to measure all lea kage resistances with care. Another possible cause of too little delivery of silver into solution might be less than perfect efficiency of the electrode in generating silver at the anode. Electrode efficiency to the required precision cannot be directly measured (the most precise measuremen ts have established the reversibility of the silver coulometer to only 60 ppm [4] ). Indirec tly we can seek co rrelations of EA g with the current or the maximum overvoltage of the anode during dissolution. Linear regression analysis of EA R as a function first of the curren t and then of the maximum overvoltage gives correlation coefficients of r2 = 0.27 and r2 = 0.74, respectively. The second coefficient may be signifi ca nt but both correlations, when extrapolated, increase the discrepancy of our result with respect to the non-elec troch emical Faraday constant.
Still another possible cause for the discrepancy might be that the capacitive charging effects have been underestimated. These transient charges should have a smaller relative effect the more total charge is passed. Again, no effect is observed with variation of the duration of the experiment.
The determination described here does agree well with several previous electrochemical measurements. The mean value for the Faraday calculated from the II silver samples prepared in vacuum by Craig [5] agrees to within 6 ppm with the present value, and agrees also with the values advanced by Marinenko and Taylor [28] for benzoic acid and oxalic acid. However, the uncertainties attributed to these studies are large compared to the uncertainty attributable to the present experiment. Our value for the Faraday constant does not agree well with the most recent (but again, relatively uncertain) value advanced by Koch [3] for the Faraday constant determined via 4-aminopyridine [2] .
Since the 1973 least-squares adjustment [I] , two additional, high precision measurements have been made which have a bearing on the present discussion. These are the measurement of the Avogadro constant, NA , by Deslattes et al. [29, 30] and the measurement of the proton gyromagnetic ratio in a high magnetic field, y'" (high), by Kibble and Hunt [31] . Some implications of the new results have been discussed by Taylor [32] . In particular, we may use eq (7), (8) and (9) (8) and (9) of ref.
[32], FBI69 may be compu ted from constants the combined uncertainty of which is dominated by the uncertainty of y 'p (high); (2) equating the right hand sides of eq (7) and (9) of ref. [32] allows one to compute FBI69 from constants whose combined uncertainty is dominated by the uncertainty of NA • The two methods produce results which are labeled "G" and "H" respectively in figure 7. Our value for FBI69 is in remarkably good agreement with FBI69 calculated via y '" (high) but is some three standard deviations distant from that calculated via NA • (In performing these calculations, use was made of the most recent data available [30, 31, 33] .) Clearly, further work in a number of areas will be necessary before the present discrepancies are understood.
